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ABSTRACT

A quartz crystal microbalance is of limited value in

monitoring surface contamination on satellites 0r in

space simulation chambers because it operates sev-

eral degrees above ambient temperatures. The a-

mount of contamination adsorbed on a surface is high-

ly temperature dependent and the higher temperature

of the microbalance will significantly reduce the a-

mount of contamination it adsorbs. Generally, a

quartz crystal microb_lance will indicate a lower lev-

el of contamination than the amount that is actually

present. To overcome this problem, a thermoelec-

tPically-cooled quartz crystal microbalance has been

developed to monitor surface contamination as a func-

tion of temperature.

INTRODUCTION

The use of a quartz crystal microbalance (QCM) is a well

established method for" weighing thin films of solid materials,

down to a fr'action oF an Angstr'om, that are deposited 1 or- re-

moved 2 from a surface, Solid films couple strongly into the

oscillating QGM and its frequency change is proportional to the

mass loading, Dir'ect application of a QOM to monitor a wide

range of contamination in space simulation chambers has proven

to be a more difficult task because a QGM operates several de-

grees above ambient temperatures. Gaseous contamination in

equilibr'ium with solid materials in the chamber is not readily

adsorbed on" a QOM because of its higher temperatures. Con-

tradictory results are often obtained where a passive optical

system shows contamination while a QCM operating nearby in-

dicates little is present.

As the study of surface contamination becomes more funda-

* This work supported under NASA Contracts NAS8-27879

and NAS5-11163
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mental in nature, a QCM specifically designed to monitor conta-

mination is needed. Not only must the heat generated by the

QCM be removed, but a convenient method found to automatically

control its operating temperature, so that, surface contamina-

tion studies can be made over temperature extremes common to

spacecraft. To permit in-situ ref-[ectivity measurements, the

crystals should be optically polished. With these objectives in

mirid, a thermoetectricatly-cooled quartz crystal micPobatance

has been developed fop monitoring contamination on optical suP-

faces as a function of temperature.

QCM LIMITATIONS

A QCM is an active quartz crystal oscillator and power dis-

sipation raises its temperature several degrees above the am-

bient. Because the amount of contamination adsorbed on a suP-

face is highly temperature dependent, a passive surface at am-

bient temperature wil! adsorb a number of contamination mono-

layers until it Peaches an equilibrium with sources in the cham-

ber while a QCM will adsorb a smaller number because of the

different equilibrium condition. In some cases, a heavily driven

QOM wilt operate about 10°O above ambient. At this elevated

temperature no measureable amount of contamination will be ob-

served,

The amount of contamination adsorbed on a surface is de-

pendent on the residence time, T , of the contamination mole-

cules 3 .

o

where 1" o is the vibrational period of the contamination lattice,

AE the desoPption activation energy, R the gas constant and T

the absolute temperature. GPif-fith 4 has shown that the desorp-

tion rate of contamination with desorption activation energies of

less than 25,000 cal/g mol (oil and epoxies) is highly dependent

on temperature. A 10°0 temperature rise can result in nearly

a ten fold increase in the desorption Pate. Use of a QOM to

monitor contamination wilt consistently give lower readings than

the actual level present because of its higher temperature.

The strong effect of temperature on the adsorption and de-

sorption of contamination is shown in Fig. 1 . Here long-term

OGO-6 measurements are shown correlating QOM contamination

loading to the eclipse period of the satellite. As has been pre-

viously reported, the primary source of contamination on the

satellite was the solar panels baking out in the sun 5,
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OGO-6 was inserted into a polar orbit with its orbit plane

normal to the earth-sun line. This orbit was chosen so that the

satellite would be in full sunlight For the maximum period after

launch. During the Four week period after launch, the amount of

contamination adsorbed onto the QCM steadily increased until the

First week in July when it abruptly decreased and Finally in Au-

gust the QCM showed a net loss of contamination and became a

contamination source. By correlating the eclipse periods of the

satellite to the QCM measurements, the reason for the Fluctua-

tion in the contamination adsorption and desorption rates became

apparent.

In futt sunlight the temperature of the solar panels was

72°0 and a wide range of high and low volatile contamination out-

gassed from the panels onto the QOM. During maximum eclipse,

when OGO-6 was in the earth shadow 30% of the time, the aver-

age temperature of the solar panels dropped to 60°0 and the con-

tamination Flux from the panels decreased significantly. The

QOM lost contamination during the eclipse period because the lo-

wer flux rate From the panels did not balance out contamination

desorbtng from the QOM. The QOM desorbed contamination into

space and onto adjacent surfaces that were at a lower tempera-

ture than the QOM.

Although the QOM indicated a loss of contamination during

eclipse, contamination was present. Reber's Neutral Mass

Spectrometer, located next to the QOM, showed that a strong

flux of contamination continued to outgas from the panels.

TH ERMOE LEC TRICA L LY--CO0 LED QCM

In order to conduct contamination experiments as a func-

tion of temperature_ a new instrument called a therm0eleotri-

catty-cooled QCM (TQCM) was developed. A thermoelectric de-

vice was picked to control temperature because it offers several

advantages over other methods. It uses only a series of solid-

state bismuth telluride junctions, through which electrical cur-

rent is passed, to pump heat to or From a toad by the Pettier

effect. It is small in size and can be remotely operated with a

signal pair of electrical leads. It has no moving parts and is

highly reliable. There are no requirements for pumping a re-

frigerant or for supptying a coolant, such as, liquid nitrogen.

These features result in greatly reduced operating and mainte-

nance costs in controlling the temperature of a QCM with a ther-

moelectric device.

The design of the TQCM has been previously reported 6 and

only its operation will be described here. The TQCM instru-
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mentation operating under ambient conditions is shown in Fig. 2.

The TQOM ControlLer operates on 115 Vac, 60 Hz at 0.25 A and

provides the various voltage outputs to operate the crystal oscil-

Lators, temperature bridge, thermoelectric device and readouts

of temperature and frequency.

The TQCM ELectronics, Heat Sink, and Sensor are

shown in Fig. 3. The TQCM uses a two-stage thermoelectric

device to automaticaLLy control the sensor crystal temperature

between -50°0 and +100°O to +- 1_C in vacuum. For operation

over this range, the heat sink temperature is to be maintained

below +40°C. No problem wilt be encountered in maintaining

the heat sink below +40°0 by mounting it on a 0,6 cm thick metal

bracket. Heat generated by the TQCM is readily dissipated by

the bracket at ambient room temperatures.

The -FQCM has been designed with an extended temperature

bridge circuit and reserve power and wilt reach a lower tem-

perature limit of -59°0 if its heat sink is maintained below

+25°C, To maintain a +25°C temperature, the heat sink is to be

mounted on a 1 .2 cm thick metal bracket capable of removing a

maximum 2.8 W when the TQCM is at -59°C. The TQCM cool-

down time in vacuum is shown in Fig. 4.

The TQCM operating temperature is set by positioning the

thumb wheel switch on the Controller. A 3 1/2 digit panel meter

is provided in the Controller for" direct readout of temperature.

A temperature output [s provided for remote readout or re-

cording. The TQCM temperature sensor is a precision platinum

resistance thermometer linear to 0.5%. At 100°0 the voltage

output is 1 .00 Vdc. At -59°0 the voltage output is - 0.59 Vdc.

The TQCM operating temperature in °C equals 100 times the

voltage output of the Controller.

A matched pair of precision 10-MHz quartz crystals is

used to measure mass Loading. The crystals are designated as

a sensor and reference crystal, The crystals are optically-pol-

ished and plated with At. The sensor crystal is coated with mag-

nesium fluoride for in-situ reflectivibj/ measurements white con-

tam[nation [s collecting on its surface. The crystals can be

changed by unloosening two set screws in the TQCM Sensor,

The output frequency of the TQCM is the beat frequency be-

tween the two oscillating crystats. The beat frequency effective-

ly eliminates frequency changes caused by ambient temperature

variations. By carefully matching sets of crystals in vacuum,

frequency change with temperature of less than +-50 Hz between

-59°O and +I00°0 is attained. Because only the sensor crystal

sees the contamination flu×, the TQOM output frequency will in-

crease with mass loading. The crystal sensor [s opticalty pot-
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ished and full plated on one side. This technique produces a

more active crystal whose mass sensitivity is greater by about

20% than semi-polished crystals. The TQCM mass sensitivity,

m, is

m = 3.5 x 10 -9g/cm2Hz

A frequency output is provided in the TQCM Controller to

measure the frequency change of the crystal sensor produced by

mass loading. Frequency is measured by a counter, such as, a

Hewlett Packard Model HP5321B.

The TQCM can be set at any particular temperature over

its operating range. If the TQCM is set at ambient, the heat

generated in the oscillating crystal will be removed so that con-

lamination loading to passive optical systems can be monitored.

By increasing temperature to about +100°C the crystal can be

cleaned. By periodically dropping the temperature of the TQCM

in fixed steps, the amount of surface contamination for different

equilibrium temperatures can be determined and the background

level of contamination in a space stmu!ation chamber monitored

with time.

The TQOM can be used to generate a calibrated contamina-

tion flux so that the contamination sticking coefficients of sue-

faces can be measured. A TQCM calibrated source is generated

as follows. Contamination from an uncalibrated source is di-

rected at a TQCM cooled to -50°C. Contamination is allowed to

freeze out on the TQCM. The uncalibrated source is then turned

off and the vacuum system allowed to pump down. The TQCM

now becomes the calibrated source by simply raising its tem-

perature so that the contamination wilt desorb at the desired

rate. By monitoring the TQCM frequency increase with time,

the contamination mass Flow rate can be accurately determined.

The TQCM can also be used to calibrate the mass loading

o£ viscous films on the quartz crystal sensor that do not couple

well into the oscillating mass of the crystal. As a contamination

Film grows to several hundred monolayers, its top layers wilt

slip relative to the oscillating crystal. The simple relationship

between mass loading and frequency change will not hold true.

Calibration is achieved by dropping the sensor temperature to

freeze the contamination and provide rigid mass coupling to the

c rys tat.

CONTAMINATION MEASUREMENTS

Studies of background contamination in a vacuum chamber
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were made to show the capability of the TQCM to measure suP-

face contamination under equilibrium conditions, A 150 I/sec

Vac-Ion pump was used to evacuate the chamber to the 10 -9 Topee

range. Just prior to the measurements, the chamber" was con-

taminated with Welsh Duo-Seat roughing pump oil that raised its

pressure into the 10 -7 Tope range.

The net mass gain or loss fop an aluminum surface from

the adsorption and desoPption of background contamination pre-

sent in the chamber at 7 x 10 -7 ToPe is shown in Fig. 5. Below

-30°0 adsorption predominated and contamination collected on

the surface. Above -30°0 desoPption predominated. The break

in the curve at about -10°0 where the Pate of desorptton in-

creased abruptly is significant.

The break shows a phase change occuring in the contamina-

tion from a solid to a liquid. The phase change caused a large

increase in its vapor pressure and the higher desoPption Pate.

We were unable to make a measurement at +20°0 because the

desoPption Pate became so large that by the time the surface

Peached +20°0 the contamination was nearly completely desoPbed.

Fig. 6 shows the desorption Pate of roughing pump oil as a

function of the number of monolayers on the surface fop a conta-

mination background pressure of 4 x 10 -7 ToPe. When the num-

ber of contamination layers Peaches 200, the increase in the de-

soPption rate starts to level off indicating the bulk properties of

the oil predominate and the properties of the surface have little

effect on the desoPption. At 0°0 the leveling off of the desoPp-

lion rate is quite evident.

The desoPption rate decreases rapidly as the number of

layers present is reduced because of the higher bonding energy

holding contamination layers near to the surface. The higher

bonding energy results from contamination molecules filling

cracks and crevices in the potycPystalline aluminum surface.

The number of monotayePs of contamination on a surface in

equilibrium with the contamination on the walls of the vacuum

chamber as a function of temperature is shown in Fig. 7. The

ambient temperature of the chamber was 23°O. The measure-

ments were made by raising the TQOM temperature to +80°0 to

bake off surface contamination and then dropping its temperature

to -50°0 to adsorb a film of contamination. The TQCM tem-

perature was then increased to a particular equilibrium tempera-

ture shown in the figure to determine the number of contamina-

tion monotayePs. From the figure it can be seen that there was

always oil contamination on the surface even at 4 x 10 -7 ToPe

fop temperatures below +30°0. It would have been impossible

to make the measurements with a QCM because there ape no net
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mass changes at equilibrium.

CONCLUSIONS

Most contamination is adsorbed on a surface in the gaseous

or liquid state and the adsorption rate is highly temperature de-

pendent. A QCM is of limited value in monitoring contamination

because it operates several degrees above ambient temperatures

and does not readily adsorb contamination. For accurate mea-

surements, a temperature controlled QCM should be used.

If a QCM is used to monitor contamination, measurements

should be made From a directed source. The source tempera-

ture should be much higher than the QCM operating temperature

to insure that the contamination sticking coefficient is greater

than zero.
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